
Abstract. Enhanced angiogenesis is a hallmark of solid tumors
and hematological malignancies. Anti-angiogenic therapeutic
approaches have recently been shown to be effective for the
treatment of certain cancers. Endothelial cells migrating to
tumors provide them with new blood vessels that are critical
for their growth and survival. We have developed a novel and
rapid method to evaluate the anti-angiogenic activity of new
agents consisting of a combined chorioallantoic membrane
(CAM) and feather bud (FB) assay. Unlike previous assays,
this new assay assesses the effects of drugs on the ability of
tissues to attract and develop their own blood supply. The
CAM already has a well-developed vascular network that is
capable of providing blood vessels to the non-vascularized
FB, allowing for this tissue to develop feathers. As a result, the
exposure of the FB to drugs for 2 days followed by attachment
to the CAM for 4 days allows evaluation of the compound's
ability to impact blood vessel and feather formation within
the CAM-attached FB tissue. Feather formation is deter-
mined as well as expression of endothelial cell genes and
proteins analyzed. Using agents with known anti-angiogenic
activity including fumagillin, minocycline, zoledronic acid,
doxorubicin and agents lacking anti-angiogenic activity such
as melphalan, we have shown that the CAM/FB assay can
accurately and rapidly assess the ability of agents to prevent
blood vessel and feather development within non-vascularized
tissues. 

Introduction

Angiogenesis is a complex process involving endothelial
cell proliferation and migration leading to the development
of blood vessels from pre-existing vasculature and involves
sequential events including proteolysis and remodeling of
the extracellular matrix (1). Furthermore, angiogenesis and
vasculogenesis, the development of new blood vessels,
play an important role in the induction and maintenance of a
variety of pathological states. Some of these manifestations
are characterized by neovascularization, including diabetic
retinopathy, glaucoma, age-related macular degeneration and
cancer (2-4). Angiogenesis is essential for the growth and
metastasis of malignant tumors. Endothelial cells recruited to
tumors enrich them with new blood vessels that are critical
for their growth and survival, and anti-angiogenic therapy
represents one of the most promising new approaches for
cancer treatment (5,6). Anti-angiogenic therapeutic approaches
have recently shown clinical benefit in a variety of cancers
(7,8). Our recent identification of pleiotrophin as a major factor
in the early development of tumor blood vessels through
transdifferentiation of monocytes into vascular endothelium
provides an opportunity to develop new agents to block this
pro-vasculogenic effect (9). There remains an urgent need
to develop strategies to more rapidly, inexpensively and
accurately assess the pro-angiogenic and anti-angiogenic
activities of new biologic factors and putative therapeutic
agents.

Both in vitro and in vivo methods have been previously
established to identify compounds which either stimulate or
inhibit angiogenesis and/or vasculogenesis. In vitro assays
include the Matrigel™ tube-forming assay (10,11), fibrin
and collagen gel-cord-forming assays (12,13), the aortic ring
model (14) and a variety of endothelial cell proliferation
assays (10). The drawback of these assays is that they are
incapable of assessing the important interactions that take
place between multiple cell types involved in the development
of blood vessels and specifically the ability of tissues to
attract their own blood supply. Recently, in vivo assays have
been developed to analyze angiogenesis and/or vasculogenesis
in a more clinically relevant manner. These methods include
the rat, mouse and rabbit corneal pocket (15,16), primate iris
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neovascularization (17), human/mouse chimeric angiogenesis
(18) and murine Matrigel plug assays (19). However, these
assays are limited in their applicability by the prolonged
length of time they require to assess anti-angiogenic effects,
their complexity, inclusion of non-viable material such as
Matrigel, artificial addition of cytokines or other factors,
animal-related morbidity and high costs required to carry
them out. The CAM assay with polyester sponges or Matrigel
has been developed as an angiogenesis assay (20-22). The
CAM develops from the fusing of the mesodermal layer of
the allantoic membrane with the same layer of the chorion
which completely surrounds the embryo during embryonic
development. It is attached to the internal surface of the shell
membrane as well as providing a barrier between the watery
environment of the embryo and the air space. However, this
method involves the placement of Matrigel or other artificial
material such as sponges at the site for testing the potential
anti-angiogenic effects of compounds. In addition, these
methods have often included the addition of exogenous factors
to artificially stimulate angiogenesis. Importantly, all of
these previously developed assays evaluate the direct impact
of agents on already vascularized tissues and are unable to
assess the effect of drugs on a tissue's ability to attract blood
vessels, what we term so-called angioattraction, and their
further development within those tissues. We have developed
a novel method to assess the effects of agents on angioattraction
and the further development of these blood vessels within
tissues lacking vascularity in a rapid, accurate and inexpensive
way without the inclusion of artificial testing materials or
exogenous factors.

Materials and methods

Drugs. Zoledronic acid was supplied by Novartis Pharma-
ceuticals (Basel, Switzerland). Melphalan, minocycline and
fumagillin were purchased from Sigma (St. Louis, MO), and
doxorubicin was purchased from Calbiochem (La Jolla, CA). 

Preparation of the FB. Fertilized chick eggs (Charles River,
Wilmington, MA) were incubated horizontally at 37.5˚C in a
humidified incubator for 8 days and staged according to
Hamburger and Hamilton (1951). Stage 33 chick embryonic
dorsal skin with FBs was collected under a dissecting micro-
scope (Olympus) in Hank's buffered saline solution (Gibco/
Invitrogen). The FB skin was cut into 2x2 mm sections and
placed on culture inserts in 6-well culture dishes (Falcon).
The FBs were cultured with DMEM containing 2% fetal calf
serum, gentamicin (1:1000) and with or without drugs at
37˚C with an atmosphere of 5% carbon dioxide air for 48 h.
Images of the FBs were analyzed by dissection microscopy to
determine size, area, shape factor and orientation of each FB.

FB/CAM co-culture. A further set of fertilized chick eggs
was incubated horizontally at 37.5˚C in a humidified incubator
and windowed by day 8. The 2x2 mm FBs treated with drugs
or without drugs was transferred onto the CAM of an 8-day-old
chick embryo with sterile fine forceps from the culture insert.
For this step, room conditions included a temperature of
70-75˚C with 40-50% humidity. The eggs were sealed with
an adhesive tape and incubated for an additional 2-4 days.

The endothelial cells of CAM proliferated and migrated
into the FB after 2 days. After 4 days of culture, both blood
vessel formation and FB development were determined by
microscopy. Photographs were taken at described stages
using transillumination with an Olympus IMT 2 inverted
microscope. To measure the FB development, the feather
weight of each stage was measured by fine balance. At least
three independent experiments were carried out for each drug
and each showed similar results.

Immunohistochemical (IHC) and immunofluorescent analysis
(IFA) of vascular endothelial cell markers in feather
development. Chicken embryonic skin samples of FBs cultured
on CAM were fixed with 4% paraformaldehyde in PBS and
dehydrated in a graded series of ethanol. The samples were
processed with a standard paraffin-embedding procedure
and dissected into five micron sections. After removing the
wax by a standard paraffin heating process, the slides were
blocked with 0.05% Tween-20 (TBST) and 3% BSA for 1 h
at room temperature. The slides were exposed to anti-Tie-2
antibodies (Santa Cruz Biotech, Santa Cruz, CA) overnight.
They were then washed three times with TBST and treated
with H2O2 for 3 min to remove endogenous peroxidase.
Horseradish peroxidase (HRP)-conjugated with anti-mouse
IgG (KPL, Gaithersburg, MD) was diluted 1:500 in TBST
and incubated with slides at RT for 2 h. The slides were
then washed three times in TBST, placed in a 3-amino-9-
ethylcarbazole (AEC) buffer for 5 min and color was detected
using an AEC kit (Vector). Endothelial markers were identified
under the BX51 (Olympus) microscope. For IFA, the slides
were blocked with 0.05% Tween-20 (TBST) and 3% BSA for
1 h at RT and were incubated with anti-mouse IgG conjugated
to phycoerythrin (PE) (1:100; BD Biosciences, San Jose, CA)
at 4˚C overnight. The slides were washed three times with
PBS for 15 min at RT and incubated with FITC-conjugated
swine anti-goat or anti-mouse antibody (Biosource, Camarillo,
CA) for 2 h at RT. Anti-DAPI antibody was added to slides
as a nuclear marker. The slides were washed as previously
mentioned and mounted with aqueous mounting media
(Biomeda, Foster City, CA). Endothelial markers were
identified under the microscope, and merged cells were
analyzed using the Microsuite Biological Suite program
(Olympus BX51, San Diego, CA).

Western blot analysis. Protein lysates (20 μg) from the FB
were electrophoresed on a 4-15% SDS-polyacrylamide gel,
100 V for 3 h at 4˚C and then proteins were transferred to
polyvinylidene difluoride membranes (Bio-Rad, Hercules,
CA) overnight at 50 mA, 4˚C. The membranes were incubated
with 5% BSA in TBST for 1 h at RT. Anti-Tie-2, anti-Flk-1
or anti-GAPDH antibodies were added and incubated
overnight at 4˚C. Protein expression was visualized using an
enhanced chemiluminescence detection system (Amersham,
Buckinghamshire, UK) and quantified using a Vesa-Doc gel
documentation system (Bio-Rad).

RT-PCR. Total RNA was isolated from each feather treated
with or without fumagillin, minocycline or zoledronic acid
at different concentrations. RNA was re-suspended in 0.1%
diethyl pyrocarbonate-treated water, digested with DNase I
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(Sigma) to remove contaminating DNA and extracted with
phenol/chloroform followed by ethanol precipitation. Total

RNA (1 μg) was reverse-transcribed to cDNA and amplified
using the ThermoScript RT-PCR System (Invitrogen, Carlsbad,
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Figure 1. (A) Fertilized chick eggs were placed in an incubator and kept under constant humidity at 37˚C. On day 8, a window was opened in the shell and the
embryo placed in a Petri dish. The embryonic skin was detached from the body and cut into 5 mm2 pieces. The FB was cultured in culture medium with or
without anti-angiogenesis reagents for 48 h. The treated FB was loaded onto E9 CAM and the window sealed. Angiogenesis and feather bud development
were examined after 4 days of culture. The feather formation was markedly inhibited by anti-angiogenesis drugs. (B) Development of FB: left, the size of
the FB derived from E8 chicken embryonic skin increased 5-fold after culturing the FB in vitro for 4 days. Right, blood vessels migrated into the FB
and endothelial cells proliferated in the feather by culturing the FB on CAM for 4 days. (C) In vitro culture of the FB, embryonic skins were collected from
E8 chick eggs under a dissecting microscope to isolate the FB. The FB was exposed to drugs for two days by incubating the FB in culture medium with either
anti-angiogenesis compounds (1 μM fumagillin or 5 μM minocycline) or a chemotherapeutic drug without anti-angiogenic effects (30 μM melphalan) for
48 h. Whether the FB diminished or disappeared with exposure to drugs was determined using dissecting microscopy. 
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Figure 2. (A) Inhibition of angiogenesis and FB development with fumagillin which is a known angiogenesis inhibitor. Three groups of E8 embryonic skin
tissue explants were cultured in dishes and exposed to the following treatment for 48 h: 1, PBS alone; 2, 0.1 μM fumagillin; or 3, 1 μM fumagillin. After 24 h,
there were no visible differences between these groups. However, after 4 days of culture, there was a significant difference between the two fumagillin groups
compared to the control group. The results showed fumagillin inhibited angiogenesis and feather development. (B) Inhibition of angiogenesis and FB
development with minocycline. Three groups of E8 embryonic skin tissue explants were cultured in dishes and exposed to the following treatment for 48 h:
1, PBS alone; 2, 0.5 μM minocycline; or 3, 5 μM minocycline. After 24 h of culture, there were no visible differences between the three groups. However,
after 4 days of culture, there was a significant difference between FB exposed to drugs compared to explants that had not been exposed to minocycline.
(C) Inhibition of angiogenesis and FB development with zoledronic acid. The nitrogen-containing bisphosphonate zoledronic acid has been shown to inhibit
bone loss and recent studies also demonstrate profound anti-angiogenic effects of this drug. We found zoledronic acid markedly inhibits angiogenesis and FB
development in the presence of this drug at a concentration of 8 μM whereas less effect was observed at 2 μM.
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CA). PCR was performed again using the ThermoScript
RT-PCR System (Invitrogen) and a GeneAmp PCR System
9700 (Applied Biosystems, Foster City, CA) for one cycle at
94˚C for 2 min, followed by 35 cycles at 94˚C for 30 sec,
58˚C for 30 sec, 72˚C for 1 min and one cycle at 72˚C for
5 min. Primers: Flk-1 (L) caaccagacggacagtggta, (R) acagact
ccctgcttttgct; Tie-2 (L) gcaacttgacttcggtgcta, (R) cacagccgag
gagtgtgtaa; GAPDH (L) actgccacccagaagactgt, (R) ccagtagag
gcagggatgat.

ELISA for endothelial protein FLK-1. Feather protein lysate
(100 μl) from each FB treated with or without fumagillin,
minocycline, zoledronic acid or doxorubicin at different
concentrations were incubated in flat-bottomed 96-well
microtiter plates overnight at 4˚C. Plates were washed three
times with PBS and blocked with PBS containing 0.1%
Tween-20 supplemented with 1% bovine serum albumin (BSA)
at room temperature for 2 h. The plates were then washed

three times and incubated with 100 μl/well of anti-FLK-1
antibody overnight at 4˚C. Finally, the plates were incubated
with alkaline phosphatase-conjugated anti-rabbit IgG for 1 h
and then washed three times. Bound FLK-1 proteins were
detected using BluePhos Microwell Phosphatase substrate
(KPL) and analysis using a uQuant (Biotek Industries) plate
reader at 450 nm with KC Junior software. Values represent
the mean of triplicate experiments. 

Results

The CAM/FB model is outlined in Fig. 1A. The FB was
exposed to agents for 2 days followed by attachment to the
CAM for an additional 4 days providing an ideal model
through which to quickly and inexpensively evaluate the
effects of the drug on blood vessel formation within the FB.
If the FB attached to the CAM was exposed to no drugs or
compounds that were unable to prevent the development of
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Figure 2 (continued). (D) Inhibition of angiogenesis and feather development with doxorubicin which has been shown to possess anti-angiogenic effects.
Three groups of E8 embryonic skin tissue explants were cultured in dishes and exposed to the following treatment for 48 h: 1, PBS alone; 2, 0.5 μM
doxorubicin; or 3, 5 μM doxorubicin. After 1 day of co-culture, there was no visible difference between these three treatment groups in feather formation.
However, by day 4 there was a significant difference between the two doxorubicin-exposed FB groups compared to the PBS alone group. The results showed
doxorubicin inhibited angiogenesis and feather development. (E) Melphalan lacks anti-angiogenesis effects. Three groups of E8 embryonic skin tissue
explants were cultured in dishes and exposed to the following treatment for 48 h: 1, PBS alone; 2, 1 μM melphalan; or 3, 10 μM melphalan. At 24 h, there
was no visible difference between these groups in feather formation. At day 4, there was no difference in the two melphalan-treated FBs compared to the
control group.
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blood vessels, placode and dermal condensation of the FB
occurs and the weight of the FB increases as feathers form
whereas without attachment to the CAM, FB does not develop
blood vessels or feathers (Fig. 1B). To differentiate between the
drug's inhibitory effect on preventing blood vessel formation
within the FB as opposed to its direct cytotoxic effects on the
FB, we exposed the FB to agents such as melphalan for 48 h
which lack anti-angiogenic effects but were directly toxic to the
FB at 30 μM whereas drugs showing anti-angiogenic activity
including fumagillin (23) and minocycline (24,25) were not
toxic to the FB alone (Fig. 1C) at concentrations that produce
anti-angiogenic effects (Fig. 2A and B). Furthermore, culture
of FB alone for up to one week with fumagillin showed no
cytotoxic effects (data not shown) whereas marked inhibition
of FB development occurred in the presence of CAM in a
concentration-dependent manner after 4 days of culture
(Fig. 2A). Minocycline at a higher concentration (5 μM)
inhibited FB development and angiogenesis whereas a lower
concentration (0.5 μM) only slightly reduced FB develop-
ment compared to tissues without drug exposure (Fig. 2B).
Zoledronic acid is a potent nitrogen-containing bisphosphonate
that harbors anti-angiogenic activity (26). This drug has been
shown to markedly inhibit in vitro proliferation, chemotaxis,
and capillarogenesis of bone marrow-derived endothelial
cells (27). After 4 days of co-culture with CAM, this agent
inhibited feather development at 8 μM whereas less effect
was observed at 2 μM (Fig. 2C). FB alone cultured with
zoledronic acid showed no cytotoxic effects. Most recently,
anthracyclines including doxorubicin inhibit vascular develop-
ment in tumor tissues by reducing hypoxia inhibitory factor
(HIF)-1· levels within cells (28,29) whereas melphalan lacks
anti-angiogenic activity. Doxorubicin at both 0.5 and 5 μM
although more so at the higher concentration reduced feather
volume and weight and FLK-1 protein expression without
showing cytotoxic effects on FB alone (Fig. 2D). In contrast,
melphalan which lacks anti-angiogenic activity at concen-
trations that were not cytotoxic to the FB (1 and 10 μM) did
not inhibit feather formation (Fig. 2E). At higher concentrations
(30 μM), the alkylating agent was cytotoxic to the FB which
was also greatly reduced in size or disappeared altogether
(Fig. 1C). 

Next, we assessed the feather weight and endothelial gene
and protein expression. Both feather weight and FLK-1 protein
levels were significantly reduced in a concentration-dependent
fashion following exposure of the FB to fumagillin, mino-
cycline, zoledronic acid and doxorubicin (Fig. 3A). Both
FLK-1 and Tie-2 transcripts and protein levels as assessed
with RT-PCR and Western blot analysis, respectively, were
significantly reduced in a concentration-dependent manner
following treatment of FB with fumagillin, minocycline and
zoledronic acid whereas melphalan had no effect on the
expression of these genes or proteins (Fig. 3B and C).
Compared to the FB attached to CAM without drug, the
zoledronic acid-exposed FB attached to CAM lacked organized
feather formation and showed a reduction in the number of
blood vessels (Fig. 4A). Compared to the FB attached to
CAM without drug (Fig. 4B), zoledronic acid inhibited
organized feather formation and blood vessel formation in
the FB and reduced the number of cells expressing Tie-2 or
FLK-1 (Fig. 4C). 

Although the concentration of drugs producing these effects
on the FB were much too low to impact the CAM directly
when the drug-exposed FB was attached to the CAM, we
ruled this potential effect out by attaching doxorubicin (5 μM)-
exposed FB and FB that had not been exposed to drug to
the same CAM and showed that only the drug-exposed FB
showed inhibition of feather development (data not shown). 

Discussion

Vasculogenesis is defined as the differentiation of precursor
cells (angioblasts) into endothelial cells and the de novo
formation of a primitive vascular network whereas angio-
genesis is defined as the growth of new capillaries from
pre-existing blood vessels (30). Angiogenesis involves the
development of new blood vessels from pre-existing vascu-
lature (31,32). The pioneering work of Folkman and his
colleagues have convincingly established the concept that
tumor development is dependent upon neoangiogenesis and
have paved the way for the identification of several
angiogenic molecules, including the fibroblast growth factor
and vascular endothelial growth factor families (33). Several
groups have also identified bone marrow-derived endothelial
precursor cells and demonstrated that myeloid progenitor,
dendritic and mononuclear cells can differentiate into cells of
the endothelial lineage. These new endothelial cells circulate
and ultimately contribute to blood vessel formation during
tumor development and metastasis (34-38). We have recently
shown that the secretion of the specific angiogenic proteins
pleiotrophin and macrophage colony stimulating factor from
malignant plasma cells is capable of stimulating monocytes
to become trans-differentiated into endothelial cells that
incorporate into tumor blood vessels (9). Because of the
critical role that blood vessel formation plays in the
development of cancer, therapeutic attempts to block this
process have been developed and shown efficacy in some
tumors (5-7). To evaluate the effects of potential new agents
on angiogenesis, models have been developed to assess the
ability of drugs to block endothelial cell development and
blood vessel formation. Classic angiogenesis models were
based on assessing the formation of capillary-like structures
following long-term culture of endothelial cells in the
presence of drugs (3). More recently, two-dimensional and
three-dimensional angiogenesis assays were developed. In
the two-dimensional angiogenesis models, endothelial cells
are seeded onto plastic culture dishes that have been coated
with either collagen, fibrin, or Matrigel (12,13,39). Three-
dimensional assays are based on the capacity of activated
endothelial cells to invade three-dimensional substrates (40)
consisting of collagen gels, plasma clot, purified fibrin,
Matrigel or a mixture of these proteins. Unlike our CAM/FB
assay, both of these types of models can be used only to
measure the number or area of blood vessels in this non-
viable material limiting their relevance to living tissues. In
addition, these methods only allow evaluation of the effects of
drugs on further formation of blood vessels within already
vascularized tissues and not on the ability of tissues to attract
new blood vessels, so-called angioattraction. Further evaluation
of the effect of drugs on angioattraction may lead to the
development of new approaches in the treatment of cancer as
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Figure 3. (A) FB was exposed to each agent for 2 days and feather weight and the amount of endothelial protein FLK-1 was determined just prior to and following
attachment of the FB to the CAM after 1, 2 and 4 days of culture. Control FB without drug treatment was evaluated separately with each drug; 1, FB treated with
fumagillin 0.1 or 1 μM; 2, FB treated with minocycline 0.5 or 5 μM; 3, FB treated with zoledronic acid 2 or 8 μM; and 4, FB treated with 0.5 and 5 μM
doxorubicin. Left, the FB tissue was collected and feather weight assessed using a fine balance. Right, the endothelial marker protein FLK-1 was also quantified
using ELISA. (B) Determination of Tie-2 and FLK-1 gene expression with RT-PCR in fumagillin, minocycline, doxorubicin or melphalan-exposed FB attached to
CAM for 4 days. (C) Assessment of the amount of Tie-2 and FLK-1 proteins using Western blot analysis in the FB following exposure to fumagillin, minocycline,
doxorubicin, or melphalan and after 4 days of attachment to CAM. Statistical analysis, the curves of feather weight and amount of endothelial protein FLK-1 were
analyzed in terms of treatment group means and standard error. In order to determine the statistical significance of differences observed in the high concentration
treatment groups compared to control groups, a Student's t-test was used for these studies. The minimal level of significance was considered to be P<0.05.
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Figure 4. (A) H&E staining of the FB attached to CAM for 4 days following exposure of the FB to no drug (control) or zoledronic acid for 2 days. (B) IFA of
FB cultured alone for 2 days followed by attachment to CAM for 4 days stained with FLK-1 and Tie-2 antibodies. (C) Similar staining of the FB exposed to
zoledronic acid 8 μM for 2 days followed by attachment to CAM.
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well as other diseases. Our new CAM/FB model provides an
assay to evaluate this phenomenon by using CAM as a way
to provide a blood supply to nonvascularized FB tissues that
have been exposed to drugs. We have shown that this assay
can rapidly and inexpensively assess the effects of a compound
in preventing a tissue from attracting and forming its own
blood vessels. Thus, the CAM/FB assay opens up a way to
evaluate a new avenue, prevention of angioattraction, through
which drugs may impact blood vessel formation within tumors
and offer the opportunity for new therapeutic approaches for
the treatment of cancer.
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